The gaseous signaling molecules, nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H 2 S) have been identified as being produced endogenously in a variety of cells, and are also found to be involved in diverse and pivotal pathophysiological roles including neurotransmission, cellular metabolism, immunological/inflammatory responses, and various aspects of cardiovascular regulation in the human body. These gases can diffuse freely through a membrane and exert their own roles when binding with a variety of molecular targets in a cell. These gaseous molecules can also be detected in the exhaled air, and can change their volume in the presence of diseases and/or exercise. However, the real origin and pathophysiological implications of these gases in the exhaled air are largely uncertain. This review attempts to summarize the generation and biological roles of NO, CO and H 2 S, and to advert the pathophysiological significance of measuring these gases in exhaled air with respect to exercise and exercise training.
Introduction
Nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S), generically termed as gasotransmitters (GTs), have long been believed to be air pollutants and toxic gases for multicellular organisms 1) . However, after the discovery of NO as the endothelium derived relaxing factor (EDRF) in 1987 2) , much attention has been given to this gaseous molecule. As a result, diverse and pivotal pathophysiological roles such as vascular regulation, neurotransmission, and immunological reactions have gradually been identified 3, 4) . In parallel with the findings of the roles of NO, carbon monoxide (CO) and hydrogen sulfide (H2S) were both found to be gaseous messengers with a behavior similar to that of NO 3, 5) . These molecules share similar properties and behaviors: 1) they are gaseous molecules with low mass under normal conditions; 2) they can diffuse through the membrane without any receptors, and bind to target molecules to play specific roles; 3) they act physiologically at low concentrations, but are toxic at high concentrations; and 4) they also work interactively; in certain occasions, complementarily, and in other cases, reciprocally 6) . In addition, these gases have been detected in exhaled air, and have been used as biomarkers for airway and pulmonary inflammatory diseases [7] [8] [9] . Furthermore, these gases themselves and their donors have also been used for therapeutic and ergogenic purposes 10, 11) . It was also found that exhalation of NO and CO increased with an increase in exercise intensity [12] [13] [14] [15] . However, the real origin and the pathophysiological roles of GTs in exhaled air, especially during exercise, are not completely understood. This review attempts to clarify the pathophysiological significance of measuring exhaled GTs during exercise.
An overview of the generation and pathophysiological roles of GTs
Nitric oxide (NO), first identified as the endotheliumderived relaxing factor (EDRF) in 1987 2) , is now the most popular and well-known gasotransmitter that plays an important role in maintaining the homeostasis of biological systems 6) . NO is synthesized via the oxidation of the amino acid L-arginine, generating L-citrulline as a byproduct through the enzymatic action of nitric oxide synthase (NOS). The NOS family consists of three isoforms: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS). They are highly homologous and vary in kinetics and regulation. The biological reactivity of NO can be summarized in four basic pathways: 1) binding to a heme group (hemoglobin, myoglobin and cytochrome c-oxidase); 2) oxidation of soluble guanylate cyclase (sGC); 3) generation of peroxynitrite when it reacts with the superoxide anion radicals; and 4) post-translational modification of cysteine thiols to form S-nitrosothiols 6) . known sGC/cyclic guanosine monophosphate (cGMP)/ cGMP-dependent protein kinases (cGKs) pathway. cGKs have three isoforms (1α, 1β, 1α/ 1β) and act in smooth muscle relaxation and platelet inhibition ( Fig. 1) 6,16) . Carbon monoxide (CO) is generated through oxidative degradation of the protoheme by the enzymatic action of two isoforms, inducible heme oxygenase 1 (HO-1) and constitutive heme oxygenase 2 (HO-2) with the biliverdin (BV) byproduct in a variety of cells. CO has several pathways through which it acts physiologically. First, CO activates the sGC/cGMP/cGKs pathway in the same way as in NO. Secondly, it is also confirmed that CO modulates the mitogen-activated protein kinase (MAPK)-related pathway that is involved in anti-inflammation, antiapoptosis, and anti-proliferation. Furthermore, CO also modulates calcium-sensitive potassium channels (BKca) that will additionally induce smooth muscle relaxation. However, the molecular mechanisms for the activation of BKca are not fully understood 1, 5, 17, 18) . Similar to that of NO and CO, endogenous hydrogen sulfide (H2S) is synthesized via desulfhydration of Lcysteine, mainly by two pyridoxal-5-phosphate (P5P or PLP)-dependent enzymes: cystathionine β-synthase (CBS) and cysthionine γ-lyase (CSE) 6, 9) . The biological effects of H2S are thought to be related to vasodilation, angiogenesis, anti-inflammation, neurotransmission and cytoprotection, by activating the ATP-sensitive potassium channel (KATP), catalyzing adenosine tri-phosphate (ATP) to cyclic adenosine monophosphate (cAMP), and inhibiting the L-type Ca 2+ channel 19) . However, the molecular mechanisms on how H2S is involved in these pathways are still unknown 20) . Moreover, it is becoming evident that NO, CO, and H2S are able to interact with each other at any level and, as such, it is hypothesized that they could form a unique interaction network 3, 6, 16) .
Interactions among GTs, especially in cardiorespiratory function
Vasodilation. Following the discovery of NO as the endothelium-derived relaxing factor (EDRF), it was also found that CO and H2S had an important role for vasodilation. NO generated in the endothelium diffuses into the vascular smooth muscle cells where it binds to soluble guanylate cyclase (sGC), which catalyzes GTP to cGMP. cGMP causes subsequent activation of the protein kinase G (PKG), resulting in smooth muscle relaxation 21) . CO is generated from the vascular endothelium or vascular smooth muscle via the enzymatic activity of HO-2, and activates sGC in the same way as NO. CO also modulates NO-dependent vasodilation by either augmentation or in- hibition. Additionally, CO activates the large conductance Ca 2+ -activated K + channel (BKca), and then hyperpolarizes the membrane; however, a detailed mechanism for this channel is incomplete 18, 21) . On the other hand, it has become clear that H2S modulates the KATP channel by sulfhydration of the channel molecule, and causes smooth muscle hyperpolarization 19, 22) . It is also suggested that EDRF activity associated with NO is most evident in a large artery such as the aorta, while in a resistance vessel H2S is predominant. Furthermore, an inhibitory role for NOS and/or NO by H2S is also suggested 23, 24) . It is possible that NO, CO and H2S act as vasodilator agents. However, the contribution of each gas on vasodilation is still uncertain 25) .
Angiogenesis. It is well known that exercise and exercise training promotes vascular remodeling, and this can be divided into arteriogenesis and angiogenesis. Several factors involving vascular remodeling have been proposed. In angiogenesis, lumen shear stress appears to be a major hemodynamic stimulus for arterial remodeling. Many of the growth factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), matrix metalloproteinases (MMPs) and NO are also suggested to be involved in this process 26, 27) . Recent studies also show an involvement of H2S in the angiogenetic progression of physiological and ischemic conditions. Administration of an H2S donor-induced pro-angiogenetic affects proliferation and migration in the endothelial cell culture through activation of the phosphatidylinositol 3-kinase/serine/threonine kinase (PI3K/Akt) pathway 11) . It is also suggested that the KATP channel can mediate, at least in part, the angiogenetic process through interaction with the phosphorylation of cysteine. However, it is unclear whether the KATP channel opening is required for PI3K/Akt activation by H2S 28, 29) . Szabó and Papapetropoulos 30) compared the effect of exposure to VEGF and H2S on the migration response of endothelial cell culture, and concluded that H2S is a key modulator of VEGFinduced angiogenesis (Fig. 2) .
Carotid body activity to hypoxia. The carotid body is known as a sensory organ that detects acute changes in arterial blood oxygen (PaO2) levels, and reflexively mediates systemic cardiac, vascular, and respiratory responses to hypoxia 31) . However, whole mechanisms that evoke hypoxic-derived responses are still unclear. Recently, Prabhakar 32) demonstrated the contribution of GTs to these responses in the following manner. The glomus cells, the primary site of O2 sensing in the carotid body, express heme oxygenase-2 (HO-2) and nNOS, which generate CO and NO, respectively. Stimulation of a carotid body by hypoxia may reflect the reduced formation of CO and NO, because of the low availability of molecular O2 in hypoxia 31, 33) . Prabhakar 32) also showed that hypoxia evoked H2S generation via the enzymatic activity of cystathionine γ-lyase (CSE); and a reduced generation of CO could be linked to this response. Exogenous application of the H2S donor, like in hypoxia, stimulates carotid body activity; and CSE knockout mice, as a result, exhibited severely impaired sensory excitation through hypoxia. It is also known that hypoxia-inducible factors (HIFs) play essential roles as master regulators of O2 and redox homeostasis 31) . H2S may be located upstream of the HIF signaling pathway. However, the interactions between GTs and HIFs are not fully elucidated yet.
Effects of exercise and exercise training on the exhalation of GTs
Following the discovery of nitric oxide in the expired air of animals and humans 34) , many researchers have endeavored to identify the origin and physiological meanings of this gas in exhalation; uncertainties, however, still remain. It is generally accepted in healthy subjects that the concentration of NO (FENO) in the expired gas decreases slightly or remains unchanged, and the volume of NO output (V ・ NO) increases linearly with increasing exercise intensity from light to maximum work load 12, 14, 35) . Fig. 3 shows a typical example for FENO and V ・ NO at rest and during incremental exercise in trained and sedentary subjects 12) . However, the absolute values of V ・ NO during exercise varied among studies, and the effect of physical training, exercise-induced hypoxemia or cardio-pulmonary dysfunction on V ・ NO during exercise did not reach the same conclusions. Furthermore, most of these studies suggested nasal and lower airways, and the lungs as the source of exhaled NO 12, 14, [36] [37] [38] [39] . A recent study showed that intravenous administration of sodium sulfide could induce a subsequent rise of exhaled H2S 40) . This may indicate that exhaled gases such as NO, CO and H2S come not only from airways and lungs, but also from the blood or active With respect to exhaled CO during exercise, Horbáth et al. 13) reported a significant increase in exhaled CO output (V ・ CO) from rest to 60 W, and to maximal exercise in healthy children. Yasuda et al. 15) also confirmed a linear increase of V ・ CO against workloads during a ramp exercise protocol in young male subjects as shown in Fig.  4 . These results indicate that V ・ CO could be enhanced in relation to the intensity of exercise. But it should be mentioned that V ・ CO was not equal to the net production of CO in the body. This is because carboxyhemoglobin concentration in the blood tended to decrease in relation to the exercise intensity 41, 42) . Furthermore, V ・ CO during exercise was much higher in smokers compared with that of nonsmokers 15) . Therefore, it is assumed that at least in part V ・ CO, in the exhaled air during exercise, can be derived from carboxyhemoglobin in the blood. To our knowledge, there is no study that has measured the changes of exhaled H2S during exercise. Toombs et al. 40) observed an enhanced and subsequent exhalation of H2S by the intravenous administration of an H2S donor (e.g. sodium sulfide), in human subjects. Gu et al. 43) examined the effects of exercise training on H2S and NO generation in spontaneously hypertensive rats (SHR), and observed an enhancement of aortic H2S formation and mRNA expression for CSE in their aortas. These results indicate that exercise and/or exercise training can enhance H2S formation in the vasculature and, thereby, may increase exhaled H2S. However, further study will be required to obtain a clear conclusion.
Effect of inhalation therapy of GTs on cardiorespiratory function during exercise
The therapeutic application of NO was started in the early 1990s for patients with primary pulmonary hypertension. It has been reported in such studies that inhaled nitric oxide can improve pulmonary hypertension, and thereby increase pulmonary gas exchange through its rapid action on vascular smooth muscles 44, 45) . However, the therapeutic use of NO is limited by the United States Food and Drug Administration (USFDA); therefore, basic studies for the treatment of inhaled NO on healthy subjects during exercise are still lacking 44) . Nitric oxide inhalation during submaximal exercise could reduce pulmonary artery pressure in patients with chronic obstructive pulmonary disease 46) and idiopathic pulmonary fibrosis 47) . Sheel et al. 35 ) compared the gas exchange variables during maximal exercise with and without inhaled NO at 20 ppm under both hypoxic and normoxic conditions in highly trained cyclists, and reported no significant difference in gas exchange variables. Kinding et al. 48) also examined the effects of NO inhalation at 80 ppm on pulmonary arterial pressure and exercise-induced pulmonary hemorrhage in maximally exercised horses. They reported that the severity of exercise-induced pulmonary hemorrhage was enhanced, whereas pulmonary arterial pressure during exercise was slightly reduced. These results indicate that NO inhalation may improve pulmonary hypertension, especially in patients with pulmonary diseases, but it may not improve pulmonary gas exchange and aerobic capacity in healthy subjects.
Early studies that examined the effects of inhaled CO, or cigarette smoking on cardiorespiratory function, demonstrated a significant reduction of aerobic work capacity and V ・ O2max during maximal exercise 49) . Another study that examined the effects of CO inhalation at 117 and 253 ppm, corresponding to 2.0% and 3.9% of carboxyhemoglobin concentrations, respectively, during incremental exercise on patients with coronary artery disease, reported an exacerbation of myocardial ischemia assessed by electrocardiographic (ECG) waveform 50) . These studies suggest that CO inhalation has a harmful effect. In contrast to these studies, a V ・ O2max test followed by intermittent CO inhalation (100 ppm 1 hour/day, 5 days) induced a mitochondrial oxidative stress response. It also increased mRNAs involved in mitochondrial biogenesis in human skeletal muscle tissue 51) . These results might indicate that acute inhalation of CO mixed air during exercise causes hypoxemia and, thereby, reduces O2 delivery and exercise performance. However, long term exposure at high CO concentrations may cause further chronic adaptation like that in hypoxia. . 315 JPFSM : Exhaled gasotransmitters With respect to H2S inhalation, Brambhani et al. 52, 53) demonstrated that there was a significant decrease of oxygen uptake (V ・ O2) that occurred with a concomitant increase in blood lactate while breathing 5.0 and 10.0 ppm H2S during constant-load exercise. It suggests that H2S inhalation may reduce V ・ O2 by inhibiting aerobic metabolism in the exercising muscle. These studies preceded the discovery of H2S as a gasotransmitter, which has wide and important physiological roles. On the other hand, recent studies that examine the effect of H2S inhalation therapy at 80 ppm on retinal ischemic/perfusion injury or ventilator-induced lung injury in animal models suggest anti-apoptotic and anti-inflammatory effects of H2S inhalation 54, 55) . Until now, there has been no study examining the combined effects of H2S inhalation and exercise on physiological functions.
The effect of donors or supplements for GTs on cardiorespiratory function during exercise
Shen et al. 56) examined the effect of NOS inhibitor, the N-nitro-L-arginine methyl ester (L-NAME) infusion on oxygen consumption and cardiovascular responses in chronically instrumented conscious dogs, and found a sig- nificant increase in oxygen consumption, blood pressure and a decrease in cardiac output. Following this study, many scientific studies have endeavored to confirm the beneficial effects of NO on exercise performance and cardiorespiratory function through the use of a variety of NO donors or supplements, including L-arginine, L-citrulline, and nitrite/nitrate compounds. Several excellent reviews summarized that some of the studies, using dietary NO supplements, could enhance physical performance; but others did not find any positive effects [57] [58] [59] . For instance, Lansley et al. 60) reported that the uptake of beetroot juice, high in nitrate, could reduce oxygen uptake during moderate-and severe-intensity exercise, and extended the exhaustion time compared to a placebo treatment. However, no significant difference was observed in mitochondrial oxidative capacity in the quadriceps muscle that was estimated from the recovery curve of the muscle PCr concentration measured by 31P-MRS. The authors concluded that there were beneficial effects of nitrate supplementation to exercise; however, the peak V ・ O2 of an exhaustive exercise was obviously reduced compared to the control condition. Bescós et al. 57) also examined the effect of Larginine on cardiorespiratory variables during submaximal exercise in athletes; and no significant effects in any .
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JPFSM : Yasuda Y of the cardiorespiratory or plasma nitrate levels were observed. From these studies, it is still inconclusive, at this time, to identify the effects of NO donor or supplement ingestions on various types of exercise performance and physiological function. In contrast to the studies on NO donors, the application of donors for CO and H2S is limited because of the lack of safe and stable usage. Awede et al. 61) reported that the hemin, a carbon monoxide donor, infused in the peritoneum for 21 days, could reduce the mean arterial blood pressure in hypertensive rats and slightly increase the contractile force of the isolated aortic ring in hypertensive rats. Recently, Motterlini and his co-workers 62, 63) discovered certain transition metal carbonyls as potential COreleasing molecules (CO-RMs). Much could be learned if CO could be used not only for pharmacological purposes, but also in scientific studies; then the above issues could be resolved.
On the other hand, a few in vitro studies have demonstrated anti-apoptotic and anti-inflammatory effects of an H2S donor on cultured cells or isolated renal preservation tissues 64, 65) . Szabó et al. 29) also observed the cardioprotective effects of H2S infusion during and after a hypothermic cardiopulmonary surgery in animal experiments. These studies could confirm the cytoprotective roles of H2S in both in vitro and vivo preparations. On the other hand, Toombs et al. 40) administered sodium sulfide intravenously to healthy humans at rest, and reported no further acute changes in vital signs from administration. It will take some time to treat H2S donors in an exercise prescription.
Conclusion
It is becoming clearer that gasotransmitters play diverse and pivotal roles in maintaining biological homeostasis including neurotransmission, cardiorespiratory regulation, cytoprotection, immunological/inflammatory response and mitochondrial respiration in human body, whereas it will take more time to understand all of the mechanisms through which GTs are involved in such functions.
On the other hand, inhalation therapy and/or donor treatment for GTs is now in progress; and this could provide valuable information concerning the significance of GTs in living organisms. Moreover, the measurement of GTs in exhaled air may be a powerful tool to understanding the generation of GTs in the whole body. In fact, this technique has been used as a diagnostic tool for airway and lung inflammatory diseases. It is also clear that GTs in exhaled air during exercise increase with an increase in exercise intensity, and decrease after exercise. However, the origins and the pathophysiological role that exhaled GTs play are still obscure. Further studies will be required to close the gap between the studies on a molecular basis and those involving human subjects.
